In order to overcome some physical limits, a solar system consisting of five single-junction photocells with four optical filters is studied. The four filters divide the solar spectrum into five spectral regions. Each single-junction photocell with the highest photovoltaic efficiency in a narrower spectral region is chosen to optimally fit into the bandwidth of that spectral region. Under the condition of solar radiation ranging from 2.4 SUN to 3.8 SUN (AM1.5G), the measured peak efficiency under 2.8 SUN radiation reaches about 35.6%, corresponding to an ideal efficiency of about 42.7%, achieved for the photocell system with a perfect diode structure. Based on the detailed-balance model, the calculated theoretical efficiency limit for the system consisting of 5 single-junction photocells can be about 52.9% under 2.8 SUN (AM1.5G) radiation, implying that the ratio of the highest photovoltaic conversion efficiency for the ideal photodiode structure to the theoretical efficiency limit can reach about 80.7%. The results of this work will provide a way to further enhance the photovoltaic conversion efficiency for solar cell systems in future applications.
Introduction
Great effort has been made recently to improve the photovoltaic efficiency of solar cells [1] [2] [3] [4] . The intrinsic characteristics of a single device will limit its photovoltaic response in attempts to achieve high efficiency of photovoltaic conversion in the broad solar-spectrum range [5] [6] [7] [8] [9] [10] [11] [12] [13] . The key to overcoming such a physical limitation is to develop a system consisting of a set of solar cells in which the photovoltaic conversion of each cell matches the sub-spectrum of the solar radiation with high conversion efficiency in its sub-region. At present, the most promising approach is to increase the number of P-N junctions by selecting suitable materials [1] [2] [3] . In practical device processing to fabricate an integrated tandem multi-junction structure, however, the number of junctions often has been restricted to be less than or equal to three [1] [2] [3] due to the critical barrier of lattice mismatch of the materials composed of IV-and III-V-group semiconductors with different lattice constants and energy band structures. For a typical semiconductor with an energy band gap E g , there will be either no photon absorption when the photon energy E < E g., or high energy loss due to the generation of electron-hole pairs when E > E g [7] . Therefore, effective photovoltaic conversion with higher efficiency can occur only in a very narrow photon energy region close to E g , implying that there is significant room to develop a method in which the number of P-N junctions with different energy gaps E g can be larger than three by using the proper device configuration and technique to achieve the highest photovoltaic conversion efficiency over the entire solar spectrum range. Henry, in his theoretical work, predicted that maximum efficiencies of 37, 50, 56, and 72% can be achieved for cells with 1, 2, 3 and 36 energy gaps, respectively, under the condition of a concentration of 1000 suns [7] . Luque and Marti carried out a calculation predicting that a maximum efficiency of about 63.1% can be achieved, assuming an ideal solar cell with an intermediate-energy band within the principal band gap structure [11] , although difficulties, such as the complexity of the device structure and fabrication process and a very high heat dissipation density of the light concentrated on the single integrated cell, will reduce the efficiency in real applications with problems to be solved in the future.
Another useful approach was proposed to use passive optical devices without energy loss to split the solar spectrum into multiple sub-spectrum regions, each matching the energy band structure of the material with higher photovoltaic conversion efficiency in the sub-region [14, 15] . Very high conversion efficiency has been reported recently by using a configuration in which single and multiple junctions of solar cells were used, separated by a dichroic prism which reflects light above 1.4 eV and passes light below 1.4 eV with the element arrangement of (GaInP/GaAs tandem cell)/ (dichroic prism)/ (Si single junction cell)/(GaInAsP/GaInAs tandem cell) [16, 17] .
In the present work we study a method in which the main solar radiation in the 300-1800 nm wavelength range is split into 5 sub-spectral regions by using 4 passive dielectric bandpass film filters, matching them optimally to the photovoltaic response of 5 individual photocells with only one P-N junction working in each region. Results with detailed data reduction and analysis show that the method demonstrated in this work, assembling a set of photocells, each with higher photovoltaic response matching a sub-spectrum of the solar spectrum, can achieve higher efficiency. Advanced wavelength-division-multiplexing (WDM) bandpass-filter technology [18, 19] , which was well developed in the optical communication field in the last decade, can be effectively transferred and applied to the solar energy field. The method reported here provides a way with significant advantage and indicates that more proper materials with suitable band structures can be selected to achieve high photovoltaic conversion efficiency in a narrow solar spectrum region which can be finely tuned by using conventional dielectric band-pass filters with sharp spectral edges to completely avoid optical interference and lattice mismatch effects presented in the usual tandem solar cell. The optical and electric properties of each individual cell containing only one P-N junction to play the role of photovoltaic conversion can be greatly improved. The device structure design and fabrication process can be optimized to enhance the power output by minimizing the internal resistance and other side effects, as well as to reduce the heat dissipation density by dispersing the highly concentrated solar radiation into a set of spectrally-isolated cells.
Theoretical models
There are mainly two kinds of theoretical models to predict the efficiency limits of a set of solar cells with different energy gaps assembled in sequence. One is the thermodynamic model, which deals with the intrinsic photovoltaic conversion process of the cell. The other is called the balance model, which is more widely used to refine the conversion process with some assumptions related to the properties of the solar cell [5] [6] [7] [8] [9] [10] [11] [12] [13] . The detailed balance model seems to be more suitable to study and determine the efficiency limit of a cell system in which N single-junction solar cells working at room temperature (T c = 27°C) are spectrally isolated from each other by using spectrum-splitting technology. The equivalent circuit diagram of an ideal single-junction solar cell is shown in Fig. 1 . The I-V characteristic of the ith ideal solar cell can be expressed as [5, 6] i 0
where I i and V i are the external current and voltage of the ith solar cell, respectively, q is electron charge and k is Boltzmann's constant. I i ph and I i 0 are the photon-generated current and the reverse-saturated current for the ith solar cell, respectively. The electron current of the solar cell is generated by absorbing the photons entering the cell. Photons with energy equal to or greater than the band gap E g are absorbed. Disregarding reflection, we assume that each photon produces only one electron-hole pair and all photon-generated carriers are collected to produce the power output. The reverse-saturated current arises from the radiative recombination of electron-hole pairs. Assuming that the solar cell is a perfect blackbody in absorbing the radiation and each photon produces only one electron-hole pair in the recombination processes, I i ph and I i 0 can be given by [6] ii ph 0 0 0
where F ph and F 0 are the number of photons absorbed and radiated per second and can be written as
where A is the effective area of the solar cell, E g is the bandgap for solar cell, N i ph (λ) and N 0 i (ν) are the absorbed and radiated photon numbers per unit area and per second at wavelengths between λ n and λ n + 1 corresponding to the nth sub-spectral window, respectively, and can be written as
where C e is the energy concentration ratio for the incident solar energy E under 1 sun radiation, c is the velocity of light, ν is the photon frequency and h is Planck's constant. In terms of the I-V characteristic of the ith ideal solar cell, therefore, Eq. (1) can be written as
The output power P i of the ith ideal solar cell is 
The derivation of Eqs. (8) and (9) is in Appendix A. Thus, the efficiency limit of photovoltaic conversion for assembled solar-cell system can be described as where P in is the total solar radiation power incident on the solar cell surfaces and can be given as
Experiment and results
In the experiment, a system containing 5 single-junction cells, two lenses and four filters was configured as shown in Fig. 2 . The light beam, simulating a solar spectrum, is transmitted through the first lens and focused onto the first photocell. The filter, which has a spectral window to transmit and reflect light in the short and long wavelength range, respectively, is placed at an angle of 45° in the front of the first photocell. The light which is reflected by the first filter goes to the second set of filters and photocells in sequence. After two reflections by the filters in the optical path, the second lens is used to focus the divergent light onto the remaining sets of filters and solar cells. As shown in Fig. 3 , the four filters have spectral transmission windows of 300-480 nm, 400-630 nm, 600-730 nm and 700-870 nm, respectively, as measured by spectroscopic ellipsometry [20] , and are used to divide the solar spectrum into five sub-spectral regions. There is some degree of spectral overlap between two filters in sequence, resulting in five sub-spectral windows produced by the four filters: (I) 300-480 nm, (II) 480-630 nm, (III) 630-730 nm, (IV) 730-870 nm, and (V) 870-1800 nm, respectively. As shown in Fig. 2 , therefore, five photocells with high photovoltaic conversion efficiency peaked at about 470 nm (GaAsP, Hamamatsu G5645), 600 nm(GaAsP, Hamamatsu G1117), 700 nm (GaAsP, Hamamatsu G1737), 850 nm (GaAs, made by the 13th institute of electronics department of China) and 1500 nm (InGaAs, Hamamatsu G8370), respectively, are used to fit optimally in sequence into the I-V sub-spectral regions.
In this study, we use a spectrally-calibrated 1000-W Xe arc lamp as the source in the solar simulator. The spectral mismatch of the solar simulator is less than 10% compared to the standard AM1.5G solar spectrum. The instability of the solar simulator is less than 1% as measured by a standard Oriel silicon cell, satisfying the condition of the standard AM1.5G solar spectrum. The I-V curve for each photocell was measured by Keithley-2400 Source Meter at temperature of 27°C [21] with the results and parameters shown in Fig. 4 and Table  1 , respectively. In the experiment, the radiation intensity of the solar simulator is varied in the range from 2.4 SUN to 3.8 SUN (AM1.5G). Then the total efficiency η exp of photovoltaic conversion for five solar cells can be measured and analyzed in terms of the I-V curve measured for each cell as In practical applications in which the photocell is irradiated by light from the solar simulator, a certain part of the energy will be lost and converted into thermal power P sh and P s in the internal shunt resistance R sh and series resistance R s , respectively, as shown in Fig. 6 . Because of the power P dio consumed by the photodiode in the photovoltaic conversion process, the final output power under load, P out , will be smaller than the ideal output power for which P sh = P s =0. Fig. 6 . Schematic diagram to show that the output power will be reduced by the internal shunt and series resistances as the powers Psh and Ps, respectively in the practical application of a solar cell.
Therefore, the output power of the ith single-junction solar cell can be described as ( ).
For an ideal solar cell as shown in Fig. 1 , the power consumed by the internal shunt and series resistances should be zero, i.e. the internal shunt and series resistances should reach toward infinity and zero, respectively, in the solar-cell design and manufacturing process to reach the maximal output power of the solar cell with the highest photovoltaic conversion efficiency in application. The output power P 
where P i ideal can be analyzed by using Eqs. (14)- (16) under optimal conditions. We find that for solar radiation power in the range of 2.4-3.8 SUN, the spectrally-divided photovoltaic conversion system designed in this work can have a peak conversion efficiency of about 42.7% for a radiation intensity of 2.8 SUN, with the results shown in Fig. 7 and Table 2 . In terms of the detailed-balance model [5] [6] [7] [8] [9] [10] [11] [12] [13] , the theoretical efficiency limit of the solar cell under 2.8 SUN (solar simulator spectrum) for the spectrally divided solar cell system given in this work is calculated to reach to about 52.9%, implying that the ratio of the highest photovoltaic conversion efficiency (42.7%) for the solar system with the ideal photodiode structure to the theoretical efficiency limit can reach about 80.7%.
There is room to improve the method and to enhance the photovoltaic conversion efficiency as follows:
(1) There is an optical loss which will reduce the intensity of light incident onto the photocell due to a few percent of transmission loss by the film filters as seen in Fig. 3 and Table 1 and the multiple reflections at the internal and external interfaces of the photocells. This part of the optical loss can be minimized by improving the filter and diode designs and the manufacturing process of the system.
(2) The photovoltaic loss due to the recombination of electron-hole carriers will occur in the photovoltaic conversion process of the solar cell, decreasing the photo-excited photovoltaic current due to defects in the device material and structure. The defects can result in the recombination of electron-hole carriers before conversion into photovoltaic current, reducing the conversion efficiency. This part of the loss can be reduced or overcome by improving the device processing technique.
(3) A certain fraction of the power will be lost and consumed on the internal series and shunt resistances, as seen in Fig. 6 . Due to the intrinsic restriction of the photodiode structure, the way to reduce the internal resistance effect in a complicated multi-junction-cell structure is limited. The internal resistance, which will convert a part of solar energy into the heat, can be significantly reduced by improving the device design with suitable processing technique, since there is only one single-junction diode used in the isolated sub-spectral region of the solar radiation spectrum.
(4) The highest photovoltaic conversion efficiency (60%) usually occurs only in a narrow region near the direct-energy-band gap of the semiconducting material. For most of the multi-junction solar cell structures, it is still quite difficult to achieve a perfect match between the sub-spectral region of the solar spectrum and optical response region of the solar cell due to the physical limits of the intrinsic optical properties of the semiconductor material and the device structure. By using the method given in this work, however, a proper individual solar cell with higher quantum efficiency can be optimally designed with an optical filter to fit the appropriate sub-spectral region of the solar spectrum, resulting in an overall enhancement of the photovoltaic conversion efficiency. With a multi-junction (>5) solar-cell system with each cell's response matching perfectly its sub-spectral region of the solar spectrum this higher efficiency can be achieved. (5) In a highly concentrating solar system, the heat dissipation density of a tandem cell with its multi-junction diode structure will be very high to limit the photovoltaic conversion efficiency in practical applications. By using the spectrum-splitting method with multiple single-junction diodes used in the solar system, the total heat dissipation can be uniformly distributed in each individual photocell to reduce significantly the heat density loaded on the device. This will help to reduce the cost of the solar system under ultra-high lightconcentration condition and will improve the performance of the system.
Conclusion
In this work, we designed and constructed a solar photovoltaic conversion system consisting of 5 single-junction photocells. Four optical filters were used to divide the solar spectrum into five sub-spectral regions. The single-junction photocell with the highest photovoltaic conversion efficiency in each suitable narrower spectral region was chosen to fit optimally into the bandwidth of each sub-spectral region. Under solar radiation ranging from 2.4 SUN to 3.8 SUN (AM1.5G), the measured peak efficiency for 2.8 SUN radiation reaches about 35.6%, corresponding to an ideal efficiency of about 42.7%, achieved for the photocell system with a perfect diode structure. In terms of the detailed-balance model, the calculated theoretical efficiency limit for the solar system consisting of 5 single-junction photocells can reach about 52.9% under 2.8 SUN (AM1.5G) radiation conditions. Therefore, the ratio of the highest photovoltaic conversion efficiency for the solar cell system with the ideal photodiode structure to the theoretical efficiency limit can reach about 80.7%. The results given in this work will provide a path to further enhance the photovoltaic conversion efficiency of solar systems in future applications.
Appendix A
The derivation of the maximum power output P 
